Introduction
Articular cartilage microstructural organization is intimately related to cell metabolism and tissue biomechanical function. Cartilage exhibits functional zones correlated with depth from the articular surface, referred to as the superficial, transitional and deep zones. The superficial zone includes approximately the first 10% of tissue immediately under the articular surface and is characterized by collagen fibers oriented parallel to the articular surface, relatively low proteoglycan density and flattened, individual chondrocytes 1 . The transitional zone includes the next 10% of tissue; it exhibits more isotropically oriented collagen fibers and more rounded, individual chondrocytes. The radial zone extends the rest of the way through the tissue to the interface with underlying subchondral bone; its structural hallmarks include collagen fibers oriented perpendicular to the articular surface and chondrocytes grouped into multicellular columnar structures termed chondrons 1, 2 . Within each zone, chondrocytes continually turn over and remodel non-fibrillar collagens as well as the non-collagenous portion of the locally specialized extracellular matrix in response to the biomechanical demands of joint loading 3e5 . In the vicinity of individual cells, the extracellular matrix is further organized into an immediately pericellular zone and an interterritorial matrix between cells. The pericellular matrix is rich in proteoglycans 6 , possesses a particular collagen composition and architecture and forms a thin layer around the associated chondrocyte; it appears to play an important role in mechanotransduction and metabolism of that particular cell 7 . The interterritorial matrix forms the bulk of cartilage extracellular matrix and provides structural and biomechanical contiguity between cells and throughout the tissue. Structural organization within these depth-associated tissue zones and cellassociated matrices must be consistent with the multiple concurrent demands of local metabolism and biomechanics for long-term tissue function; therefore they represent important design goals from the point of view of cartilage tissue engineering.
Structural differences in cartilage tissue from different synovial joints provide important insights into how the tissue fulfills its biomechanical role in disparate anatomical contexts 8 . Of special interest are differences between cartilage in the adult human knee and ankle, since both of these joints of the lower limb participate actively in locomotion yet exhibit marked differences in the prevalence and progression of degradative joint disease 9e14 . The human knee joint provides for articulation between the distal femur and tibial plateau, and is a relatively common site of sports injury and osteoarthritis (OA) 11 . The progression of post-traumatic OA in the knee appears to be more rapid than in the ankle 9 , resulting in generalized changes in locomotor function 13, 15 . The human ankle joint, or talocrural joint between the distal tibia (DTB) and fibula and the talus, is a hinge joint with highly congruent articulating surfaces which is less often afflicted with symptomatic OA
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. Interactions between the two joints with respect to altered biomechanics and degradative disease have been clearly established 14e18 , but nevertheless the knee is markedly more prone to develop OA than the ankle 9 . Contributing factors to these differences in the prevalence and presentation of OA between the knee and ankle may include differences in cartilage thickness 19 , cell density and metabolic rates 20, 21 and material properties 22 . More thorough characterization of factors which contribute to OA but differ between knee and ankle cartilage, including cell and matrix morphologies which reflect the cell-scale metabolic and biophysical environment, would therefore provide valuable insights into the etiology and progression of OA 21, 23, 24 . The prevalence of OA in particular joint locations associated with relatively strenuous mechanical loading 12, 25, 26 suggests that particularities of the local loading environment are important to tissue pathology, and may have important influences on cartilage cell and matrix morphologies even under normal physiological conditions. Previous studies suggest that different anatomical locations within the adult human knee might be associated on the basis of similar cartilage cell and matrix morphologies 27 . These groupings may in part represent cartilage adaptations to specific biomechanical roles. In the knee, the femoral condyles function as convex surfaces with moving points of contact, while the tibial plateau functions as a concave surface with relatively constant contact points 28 . Morphologic differences in cartilage between the condyles and the tibial plateau 27 may therefore reflect structural adaptations to these distinct roles. If so, then similar differences may appear elsewhere in the body such as in the ankle joint where the talar dome (TAL) rotates relative to the DTB. The identification of relationships between cartilage cell and matrix morphologies and specific biomechanical roles would be of significant interest for a better understanding of cartilage physiology and cell-scale biomechanics.
Our goals were to quantify and compare cell and matrix morphologies in articular cartilage obtained from four well-defined locations in adult human knee and ankle joints. Comparisons were made both in terms of the joint from which cartilage samples were acquired (knee vs ankle) and in terms of the articular biomechanical role played by the cartilage surfaces from which samples were acquired (convex vs concave). Unbiased stereological estimators of cell and matrix morphology were used to acquire quantitative data for statistical analysis, with attention to differences within depth-associated tissue zones and cell-associated pericellular and interterritorial matrix morphologies. Information obtained provides valuable reference data for insights into relationships between tissue structure, biomechanics and remodeling, and for identification of design goals for cartilage tissue engineering.
Methods
With approval from the Medical Ethics Commission and the cooperation of the University of Bern's Department of Forensic Medicine, articular cartilage samples were obtained from 10 adult humans (nine men aged 20e40 years and one woman aged 23 years) as previously described 2, 27 . Subjects were victims of traffic accidents, suicide or drug overdose and had suffered from neither acute nor chronic disease. Tissue was removed within 48 h of death; all knee and ankle joints exhibited healthy articular surfaces. 2e3 cylindrical osteochondral explants of 4 mm diameter were drilled perpendicular to the articular surface from four locations in the knee and ankle: the medial femoral condyle (MFC), the portion of the medial tibial plateau not covered by meniscus (MTN), the TAL and the DTB. Precise definition of locations was limited by restrictions related to anatomical dissecting and the need to reconstitute the joint. Nevertheless, locations were defined with similar precision to previous studies 19,29e31 . Concerns relating to joint reconstitution also resulted in only eight of the donors providing knee cartilage, while all 10 provided ankle cartilage.
Immediately after biopsy, tissue cylinders were fixed in 5% glutaraldehyde (buffered with 0.1 M sodium cacodylate, pH 7.4) over 1 week at ambient temperature. This fixation protocol results in autofluorescence, which improves cell contrast during confocal microscopy. Explants were then stored in 70% ethanol at 4 C (typically for a few days); this protocol has been shown to induce negligible deformation artifacts 2 [ Fig. 1 ].
Details of confocal microscope sample preparation are shown in the Supplementary Data section. A laser scanning confocal microscope (MRC 600 LSC imaging system; Bio-Rad, Hertfordshire, UK) was used at a zoom of 1 with a 60Â oil-immersion objective (numerical aperture 1.4), an argon laser excitation source (488 nm) with a 510 nm longpass emission filter. Under light microscopy, the thickness of hyaline articular cartilage from the articular surface to the tidemark was measured and used to define three tissue zones: superficial (10% of thickness), transitional (10%), and radial (80%). The radial zone was further divided into four sub-zones (each 20% of tissue thickness). Within each tissue zone, stereological dissectors were obtained in the form of serial optical sections (confocal images covering an area of 180 Â 240 mm 2 ) spaced 5 mm apart (at increasing depth of focus into the specimen). Four sequential scans were averaged to acquire a single image. These were photographed using color slide film and projected to a final magnification of 870Â for stereological measurements. Two images were acquired per dissector in the superficial and transitional zones, and four images were acquired per dissector in each radial zone. Thicker dissectors were used for the radial zone because these were more suitable for a stereological analysis of chondrons, which are larger than chondrocytes. A subset of explants from MTN and TAL cartilage was also prepared for electron microscopy (EM) imaging (details of EM sample preparation are shown in the Supplementary Data section). EM images were acquired on a Hitachi He7000B electron microscope at 2000Â magnification [Fig. 2] ; systematically random sampled images were printed at a final magnification of 4000Â. Printed EM images were used to estimate the volume of pericellular matrix per total matrix volume (P M ) [ Figure S1 in Supplementary Data]. A 10 Â 10 grid of points was placed over each projected image while the numbers of points "touching" pericellular or any extracellular matrix were counted; these numbers directly provided estimates of pericellular matrix and extracellular matrix volume fractions (in units of percent). P M was then estimated by the ratio of pericellular to extracellular matrix volume fractions. P M was also combined with the volume of matrix per cell (M) determined from confocal microscope stereology for determination of pericellular and interterritorial matrix volumes per cell.
Data were averaged over 8 (knee) or 10 (ankle) human specimens. Variations in morphological parameters between the four distinct anatomical locations were examined by 2-way analysis of variance (ANOVA) with post-hoc Tukey tests; results were considered significant for P < 0.05. Axes of the ANOVA were defined by grouping anatomical locations in terms of the joint involved and in terms of the biomechanical role played by articulating surfaces within the joint. Therefore, knee cartilage was compared to ankle cartilage (MFC þ MTN vs TAL þ DTB) while convex articular surfaces were compared to concave surfaces (MFC þ TAL vs MTN þ DTB). Differences in pericellular or interterritorial matrix volumes per cell between depth-associated zones in MTN vs TAL cartilage were assessed by Student's t-test. Data are presented as mean AE 95% confidence limits (n).
Results
Articular cartilage thickness measurements [ Fig. 3 ] were consistent with previous findings 19 . Thickness varied somewhat within the knee (2.4 AE 0.4 mm at the MFC and 3.0 AE 0.4 mm at the MTN) but considerably less within the ankle (1.6 AE 0.2 mm at the TAL and 1.5 AE 0.2 mm at the DTB). Ankle cartilage was significantly thinner than knee cartilage, but no significant differences associated with biomechanical role (convex vs concave) were observed [ Fig. 3 ].
In the superficial zone, cell densities appeared to be generally higher than in the deeper tissue zones for anatomical sites within the knee, as expected 1, 2, 27 . However, elevated cell density was not evident in the superficial zone of ankle cartilage [ Table I ; Fig. 4 ]. As a consequence, morphological parameters relating to cell density in the superficial zone including cell volume fraction (V V ), cell surface area per unit volume (S V ) and cell number density (N V ) were significantly greater in knee vs ankle cartilage [ Table I ; Fig. 4(a) ]. Matrix volume per cell (M) in the superficial zone was correspondingly significantly less in knee vs ankle cartilage [ Table I ]. No significant differences in cell and matrix morphological parameters associated with the articular biomechanical role of the source cartilage (convex vs concave surfaces) were observed in superficial zone cartilage.
In the transitional zone, no significant differences in cell and matrix morphological parameters associated with the joint from which cartilage samples were acquired (knee vs ankle) were observed. However, significant effects associated with articular biomechanics were evident [ Table I ; Fig. 4(b) ]. Cartilage acquired from convex articular surfaces (MFC and TAL) exhibited significantly higher cell volume fraction (V V ) and cell surface area per unit volume (S V ) in the transitional zone, as compared to tissue acquired from concave surfaces (MTN and DTB).
As in previous studies 2, 27 , preliminary statistical analyses indicated negligible variations in cell and matrix morphological parameters between the four different radial sub-zones. Therefore, for each anatomical site, data which had been sampled from the four radial sub-zones were pooled into a single zone representing the deepest 80% of the cartilage layer. In the radial zone, no significant differences in cell and matrix morphological parameters were observed, regardless of whether data were examined as a function of the joint from which cartilage samples were acquired (knee vs ankle) or as a function of articular biomechanics [convex vs concave joint surfaces; Fig. 4(c) ]. Neither were significant differences observed among chondron morphological parameters [ Table II] . (Multiple-cell chondrons were observed only in the radial zone, therefore chondron morphological parameters were identical to cell morphological parameters in the superficial and transitional zones.) When data were averaged over the full tissue depth [Table III ], significant differences in primary cell and matrix morphological parameters remained where they had previously been seen regarding articular biomechanics-related effects in the transitional zone [ Table I ]. Specifically, tissue-average cell volume density [V V ; Table III ] was significantly greater in convex vs concave articular surfaces. Effects associated with differences between joints were also observed: the total numbers of cells and chondrons per unit articular surface (N AS and N ASc respectively) were significantly greater in knee vs ankle cartilage.
Pericellular matrix volume per total matrix volume (P M ) did not vary significantly between MTN and TAL cartilage, for any depthassociated tissue zone. P M was 9.1 AE 3.5% and 9.6 AE 1.9% in MTN and TAL superficial zone, 7.4 AE 2.1% and 10.5 AE 3.5% in MTN and TAL transitional zone, and 10.1 AE 1.8% and 9.3 AE 2.2% in MTN and TAL radial zone. Pericellular matrix volume per cell appeared to increase slightly with depth in MTN tissue, being 9.6 AE 5.0, 10.5 AE 5.8 and 15.9 AE 6.3 Â 10 
Discussion
Significant differences between articular cartilage taken from adult human knees vs ankles were readily observed in terms of relatively thin ankle cartilage [ Fig. 2] , consistent with previous findings 19 . However, at the level of cell and matrix morphologies, joint-associated differences were largely limited to the tissue superficial zone. Cartilage throughout adult human knees (with the exception of the patellar groove 27 ) tends to exhibit relatively high cell densities in the superficial zone as compared to the transitional and radial (deep) zones of the tissue. In contrast, for ankle cartilage taken from both the TAL and the DTB, cell densities were found to be very similar between the superficial and deep zones [ Table I ]. This suggests that the superficial zone of adult human ankle cartilage is not as distinctive an anatomical entity as it is in knee cartilage, at least not in terms of the cell-based morphological parameters examined in the present study. That the morphology of the superficial zone is strongly associated with the joint within which articulation occurs is perhaps not surprising. The biomechanical solicitation of cartilage in terms of interstitial fluid flows and mechanical deformations is greatest in the superficial zone, where exchange with the synovial fluid occurs most readily. Therefore it seems reasonable that different joints within the body would place markedly different demands on cartilage superficial zone function (and hence structure), due to differences in compressive and shear loading patterns, congruence between the articular surface and the underlying bone 19, 36 , and other factors arising from joint geometry and biomechanics 37, 38 . One factor relating to joint biomechanics, which was emphasized in the present study, was the distinction between convex and concave articular surfaces. Interestingly, effects associated with this biomechanical distinction were the most evident in the transitional zone [ Table I ], where cell volumes per unit volume (V V ) and cell surface areas per unit volume (S V ) were consistently higher in cartilage from convex vs concave articular surfaces. The transitional zone plays an important biomechanical role during shear of articular cartilage 39 , and may represent the region of minimum shear modulus and maximum shear strain 40 . It is therefore possible that our grouping of samples based upon articular biomechanics may have highlighted specific functional adaptations to tissue shear loading, which are emphasized in the transitional zone. The observed differences in cell and matrix morphological parameters in the transitional zone associated with articular biomechanics were among the stronger effects observed in the present study, since they were preserved even when data were considered as tissue-averages [ Table III ].
In addition to the differences observed in association with the joint (knee vs ankle) and in association with articular biomechanics (convex vs concave joint surfaces), several of the measured cell and matrix morphological parameters were highly consistent throughout this study. Chondrocyte volumes (V) and surface areas (S) did not show any variation under any of the analyses performed, and did not appear to vary strongly between tissue zones either [ Tables I and III] . This suggests that basic aspects of chondrocyte morphology are highly conserved for cartilage throughout the adult human knee and ankle. In the radial (deep) zone, no differences were observed in any cell, matrix, or chondron morphological parameters [Tables I and II ], indicating that the radial zone, in contrast to the superficial and transitional zones, is a highly conserved structure throughout the human knee and ankle. This suggests that structural adaptation of cartilage due to specific joint biomechanical environments may be primarily achieved by modifications in the superficial and transitional zones, while the radial zone is relatively invariant. The tissue-averaged number of cells per Table I Summary of results for cell and matrix morphological parameters measured within the superficial, transitional, and radial (deep) zones of cartilage from four different locations in the adult human knee and ankle (mean AE 95% confidence limits) . Within the data set for each morphological parameter, the letters "k" and "a" indicate a significant difference related to the joint from which samples were taken (knee vs ankle), while the letters "x" and "c" indicate a significant difference related to the biomechanical role played by apposing joint surfaces (convex vs concave). , respectively. Pericellular matrix volume fraction P M was limited to the range 7.4e10.5% throughout all depth-associated tissue zones, and showed no significant difference between medial tibia and TAL cartilage. Combination of stereological data from confocal and EM allowed for quantification of pericellular and interterritorial matrix volumes per cell in MTN and TAL cartilage [Fig. 5] ; however, no statistically significant differences in these cell-matrix morphological parameters were detected between these anatomical locations, for any depth within the tissue. Notably, "Stockwell's rule" 35 , which suggests that the numbers of chondrocytes or chondrons beneath a unit area of articular surface (N AS or N ASc ) are relatively constant, was not supported by the present data; both parameters showed significant variations in knee vs ankle comparisons [ Table III ]. This was consistent with the significantly greater thickness of knee vs ankle cartilage [ Fig. 2 ] combined with the relatively small (or no) observed variation in tissue-averaged cell and chondron densities [ Table III ].
An important source of error in the present study was associated with the limitations of defining tissue zones according to proportional thicknesses, rather than according to cell morphology and matrix composition. This was done to establish a repeatable experimental procedure, and to avoid the ambiguity of identifying locations of zonal boundaries. However, this limitation indicates that new morphometric methods such as three-dimensional cartilage imaging 41 could be used in the future to qualify and amplify present findings. It should also be recognized that it is difficult to separate effects associated with the joint (knee vs ankle) from effects relating to joint biomechanics (convex vs concave articular surfaces). Different synovial joints, such as the human knee and ankle, can have very different anatomical shapes, mechanisms of stabilization and roles in the locomotor apparatus. Therefore while it seems reasonable to identify relatively obvious biomechanical roles for joint surfaces (such as convex vs concave joint surfaces as was done in the present study), it is almost certainly the case that comparisons which follow are confounded by additional variables relating to joint loading geometries, waveforms, force magnitudes and other factors. See Table I Within the data set for each morphological parameter, the letters "k" and "a" indicate a significant difference related to the joint from which samples were taken (knee vs ankle), while the letters "x" and "c" indicate a significant difference related to the biomechanical role played by apposing joint surfaces (convex vs concave). also thank Barbara Krieger from the Institute of Anatomy at the University of Bern for her assistance in digitizing the transmission electron micrographs. 
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